Chloride concentrations in Lake Simcoe have increased significantly (P < 0.001) over a 36-year period during which the human population in the watershed has grown. Lake concentrations are now between 36 and 40 mg/L, having increased more than three-fold at the lake's outflow since 1971.
INTRODUCTION
Increasing chloride concentrations in freshwaters have been reported throughout the world (Thunqvist ; Kaushal et al. ) . These have been associated with agricultural practices in arid and semiarid environments, and with a growing human population and increasing coverage by roadways and urban development in temperate regions, particularly in areas where chemical deicers are used during the winter. Baseline salinity in streams in the north-eastern USA is increasing at a regional scale towards levels that are harmful to freshwater life as a result of deicer use (Kaushal et al. ) . The most commonly used deicer is sodium chloride, although it may be blended with calcium chloride or magnesium chloride (CWP ). Sodium chloride dissolves readily, and the solubility and mobility of salt in water causes environmental impacts (Marsalek ) .
Elevated chloride concentrations are frequently found in snowmelt and stormwater runoff in regions where road salt is applied (CWP ). This leads to inputs of chloride-laden water to rivers and lakes via direct surface runoff or via transport by overland flow to storm sewers that discharge to receiving waters (Marsalek ; Jackson & Jobbágy ; Kaushal et al. ) . Soil and groundwater contamination also occurs, with subsequent seepage into freshwater systems (Kelly et al. ) . Other anthropogenic sources of chloride to aquatic systems include water softeners, septic and sewage effluent, fertilizer and livestock waste (Kelly et al. ) ; however, the application and storage of road salts for snow and ice control during the winter is the predominant source of chloride to rivers and lakes in Canada (Nagpal et al. ) .
Increased chloride concentrations in surface waters can negatively affect water quality. As well as impacting aquatic life, elevated salt concentrations in lakes can increase the density of the water and affect thermal processes like stratification and mixing (Judd ; Ramakrishna & Viraraghavan ) . The British Columbia water quality guidelines for chloride to protect aquatic life are 150 mg/L for longer-term exposure (30-day average concentration) and 600 mg/L for instantaneous maximum concentrations (Nagpal et al. ) . The 30-day average guideline concentration is the level below which freshwater aquatic organisms are protected from chronic effects, whereas the maximum concentration is intended to give guidance on the impacts of transient situations that can have acute, lethal effects on aquatic plants and invertebrates. A Canadian water quality guideline for chloride is currently being finalized (Tim Fletcher, Ontario Ministry of the Environment, personal communication).
Lake Simcoe is the largest lake in southern Ontario, excluding the Laurentian Great Lakes, and is a valuable natural and recreational resource (LSPP ). The watershed has changed considerably since the 1800s as land was cleared for agriculture, roads and urban and industrial development. Concerns over water quality in the lake prompted the development of a Lake Simcoe Environmental Management Strategy (LSEMS) during the 1980s.
The initial focus of LSEMS was to reduce the excessive phosphorus loading to the lake, which was leading to eutrophication effects including excessive growths of aquatic macrophytes and algae and the recruitment failure of coldwater fish like lake trout (Salvelinus namaycush), lake whitefish (Coregonus clupeaformis) and lake herring (Coregonus artedii). Although phosphorus loading remained a key concern and focus, the goals of LSEMS grew over the years to include the protection and restoration of the lake and its inflowing rivers from contamination by other pollutants (LSEMS ). The protection of Lake Simcoe and its watershed is now legislated; the Province of Ontario passed a Lake Simcoe Protection Act in 2008 and released a Lake Simcoe Protection Plan in 2009 (LSPP ). Chloride is a pollutant of concern in the Lake Simcoe watershed and is listed among the water quality indicators in the Plan. 
METHODS

Water chemistry
Chloride concentrations were monitored in the lake and in several of the major tributaries flowing into the lake by the Ontario Ministry of the Environment and the Lake Simcoe Region Conservation Authority (Figure 1 ). Sampling at the lake's outflow pre-1993 was performed approximately monthly during the ice-free season beginning in 1971. Lake water samples were also collected weekly throughout the year from the intake pipes of three municipal water treatment plants (Table 2) 
Samples of water
RESULTS AND DISCUSSION
Chloride concentrations increased significantly in eight of the 10 monitored tributaries of Lake Simcoe from 1993 to 2007 (Table 3 , Figure 2 ). The highest rates of increase were in those draining the highest percentage of urban land and roads, Lovers Creek and the East Holland River (Table 1 ). These rivers also had the highest median concen- which is consistent with a road salt source of these contaminants.
Other studies have documented higher chloride concentrations with increasing proportions of impervious surfaces, both spatially and temporally, that were attributed to Figure 6 ). North Schomberg River was the only station where chloride flux was high but the proportion of urban land area drained was low, likely due to its proximity to a major highway. On the other hand, chloride concentrations at the water treatment plant intakes were more variable and typically highest between December and March (data not shown), which corresponded to the seasonality that was observed in the tributary loads. It is interesting to note that the water collected at the deepest intake pipe (Keswick; 
